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Introduction
Residential and commercial buildings require approximately 40% of the total end-use of energy [1] .
Almost half of this energy is used to operate heating, ventilation and air-conditioning (HVAC)
systems [2] . Such systems aim to maintain a comfortable indoor environment with room air temperatures between 20°C and 25°C. Because of the low temperature level, the exergy demand for room conditioning is low. However, in most cases this demand is satisfied with high-quality sources, such as fossil fuels or electricity [3] . However, extensive usage of fossil fuels causes several environmental and health issues, such as global warming, pollution and depletion of fossil natural resources.
Low-exergy building energy systems are defined as systems that provide heating and cooling at a temperatures close to the room temperature [4] . This allows the employment of low-valued energy, which can be delivered by sustainable energy sources such as waste heat, river/lake water, solar energy, geothermal applications and heat pumps, with a high coefficient of performance. Therefore, the use of low-exergy systems can reduce the environmental impact of buildings, and can play a crucial role in meeting the requirements for nearly zero-energy buildings. In addition, by maximizing the connection between buildings and freely available energy in the environment, the development of low-exergy systems generates new possibilities for the design of high-performance buildings [5] .
Various studies about low-temperature heating systems have been carried out in the past years.
Such systems are mainly based on applications with a high fraction of radiative heat distribution.
Hasan et al. [6] analyzed the performance of a heating system with nominal supply/return water temperatures of 45°C/35°C. Such a system included radiators in rooms and floor heating in bathrooms. Hesaraki et al. [7] conducted an experimental study in low-temperature hydronic systems. A ventilation radiator with required supply water temperature of 30°C and a floor heating system with required supply water temperature of 33°C were compared to a baseline system.
Sakellari and Lundqvist [8] modelled a low-temperature heating system in which the heat pump operated with a supply water temperature of 28°C. Afjei et al. [9] [10] developed low-temperature heating systems that operate with nominal conditions around 30°C/25°C.
Several works have also been carried out in relation to high-temperature radiative cooling systems.
Bejček [11] simulated the performance of an absorption solar cooling system connected to radiant-4 cooled ceiling elements with chilled water temperature of 10-12°C. Miriel et al. [12] developed a ceiling-panel system model that operates with a temperature at 16°C. Zhao et al. [13] analyzed the performance of a radiant cooling system with supply water temperature of 18°C in a large-space building in China. Lehmann et. al [14] presented application range and functionality of thermalactivated building systems (TABS) with supply water temperature of about 19°C.
In the context of convective technologies, some works have been reported regarding the use of active beams, in particular for high-temperature cooling systems. Stein and Taylor [15] conducted a simulation-based investigation to predict the energy use of an active beam system installed in an office building in the US. Water supply temperature was maintained at 14°C. Rumsey and Weale [16] analyzed the functioning of a cooling system for laboratories in which chilled water between 13°C and 16°C was delivered to active beam units. Fong et al. [17] studied the performance of a solar hybrid cooling system that integrated active beams with a supply water temperature of 18°C.
No relevant literature was found on the application of active beams for heating purposes, but common guidelines suggest a hot water temperature of about 35-45°C [18] .
It is noticed that, in general, a minimum temperature of 28-30°C is used in low-temperature heating applications, and a maximum temperature of 18-19°C is found in high-temperature cooling applications. A comprehensive study of low-exergy systems was carried out by the Annex 49; a task-shared international research project developed within the framework of the International Energy Agency (IEA) programme on Energy Conservation in Buildings and Community Systems (ECBCS). This project aimed at improving, both on a community and building level, the design of energy-use strategies which include the analysis and optimization of exergy demand in heating and cooling systems [19] .
As previously mentioned, the use of operating temperatures close to room air temperatures facilitates the integration of sustainable energy sources and therefore reduces total emissions of CO 2 . By lowering the hot water temperature even more in heating systems, and raising the chilled water temperature even more in cooling systems, further advantages could be achieved in terms of maximizing the use of sustainable energy sources. This practice is not currently exploited, mainly due to the fact that the use of water temperatures extremely close to room conditions would require large heat exchanger areas. However, new technological developments in active beam devices have recently made it possible to use water temperature very close to room conditions while keeping a reasonable amount of heat transfer area [20] . The limiting case of lowering heating water temperature, and raising cooling water temperature, can be seen as a system where heating and 5 cooling circuits have the same water temperature, somewhere between the indoor comfort limits of 20°C and 25°C. The design, modeling and energy savings potential of a system with such a characteristic are studied in this article.
An added benefit of operating heating and cooling systems at temperatures close to room temperature is that their rate of heat transfer is very sensitive to changes in room temperature. This is known as a self-regulation effect [9] , which can be explained as follows. For simplicity, consider a heating system, but a similar explanation applies for a cooling system. The heat transferred between the heating system and the space is
where the subscript 0 denotes design conditions, is the transferred heat, is the heat transfer exponent and is the mean logarithmic temperature difference
where is the room temperature, N is the supply water temperature and L is the return water temperature of the heat exchanger. Taking the derivative of (1) yields
Normalizing (3) by dividing it by (1) yields Fig.1 shows this relation for the temperature range encountered in space heating systems for n=1.1, which is typical for radiant floors, and for n = 1.2 … 1.4, which is typical for radiators.
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In our design, as we shall see below, the supply and return water design conditions are 45/35°C for the conventional system, while for the novel two-pipe system these temperatures are 23/21°C, both at a room temperature of 20°C. Therefore, the novel two-pipe system operates with a typical temperature difference of around 1 K to 2 K, whereas the conventional system has a mean logarithmic temperature difference of 20 K at design conditions, or 10 K at half load, which is its usual operating load. Hence, a change in room temperature by a mere 0.5 K leads to a 50% reduction in transferred heat for the low exergy system, but only to a 5% reduction for the conventional system. This effect can be exploited to simplify the room temperature control, as shown in [9] [10]. In some jurisdictions, the energy code takes this into account. For example, in Basel Stadt, Switzerland, automatic temperature control for each room is only required if the supply water temperature at design conditions is higher than 30°C [21] . Thus, by using lower supply temperatures, system cost and control complexity can be reduced, as individual room-temperature feedback-control systems are no longer required.
The article is organized as follows: Section 2 describes the physical concept behind the novel twopipe system; Section 3 illustrates the simulation-based research adopted to investigate the energy performance of the system; the results and discussions, in respect to a comparison with a traditional four-pipe system are shown in Section 4; Section 5 concludes the article by summarizing the main findings.
Fig. 1
Self-regulation effect of a heating system. Blue is the typical operating range of low-temperature heating systems, whereas red is the operating range for conventional systems.
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Concept
The need for simultaneous heating and cooling occurs quite frequently in office buildings. During a cold day, a north-oriented room needs heating to maintain an indoor temperature level above 21°C.
At the same time, in the same building, a south-oriented room may need cooling to maintain an indoor temperature below 24°C. Traditional two-pipe systems cannot deal with this situation, as they are in either heating mode or cooling mode. A four-pipe system is the common layout to provide heating to one zone and cooling to another zone by operating with two, separate water loops.
The characteristic of the novel two-pipe system is its ability to provide simultaneous heating and cooling through a water loop that is near the room temperature. Supply water temperature of about 22°C is delivered to all the thermal zones in the building, no matter whether a single zone needs heating or cooling. Outlet water from the zones is mixed together, and as a result the system only has to cool or heat the water to stabilize the supply temperature. The overall effect is that the system is able to distribute the excess heat from warm to cold zones when simultaneous heating and cooling demand occurs in the building. In addition, due to high operating water temperatures in cooling mode and low operating water temperatures in heating mode, the system can take advantage of the integration of sustainable energy sources and vapor-compression engines operating with high coefficients of performance (COP). Fig. 2 shows a schematic diagram of the novel two-pipe system. 
Previous studies and Modelica
Computer modeling and simulation is a powerful technology for calculating energy performance in buildings. For the past 50 years, a variety of Building Performance Simulation tools (BPS) have been developed and used by the building energy research community and by building designers.
These tools perform simulations and calculate the energy performance of a building by solving a system of equations that describes the thermal behavior of the envelope and the HVAC system.
Climate, schedules of operation and internal loads are the boundary conditions of simulations [22] .
Previous preliminary studies were carried out by the authors in order to analyze the energy performance of the two-pipe system. Energy simulations were performed by using common BPS tools. Afshari et al. [23] Therefore, the system was simplified by modeling fan coils for cooling and radiators for heating.
Second, BSim treated heating and cooling as two separate processes. Therefore, the energy performance of the system could only be calculated by making some assumptions in a postprocessing analysis. Maccarini et al. [24] investigated the possibility of modeling the system in EnergyPlus; a whole building energy simulation program. Simulations with EnergyPlus allowed a wider understanding of the energy behavior of the system, primarily because EnergyPlus includes a specific terminal unit, defined as active beam. However, also EnergyPlus considered heating and cooling as two separate processes. In addition, limitations were found in respect to the modelling of the controller for the regulation of the supply water temperature in the room-temperature loop.
It became clear that a more flexible modeling tool was necessary for a comprehensive investigation of the two-pipe system. Therefore, Dymola, a commercial simulation environment for Modelica models, was chosen for this study.
Modelica [25] , developed by the Modelica Association, is a freely available, object-oriented Currently, several Modelica libraries exist for building components and HVAC systems, and these are continuously being upgraded [26] - [29] . Moreover, the International Energy Agency (IEA) has undertaken a large-scale international project (IEA ECB Annex 60, http://iea-annex60.org/) with the aim to develop a new generation of computational tools for building energy systems based on Modelica.
Models from the Buildings library v2.1.0 were used in this work. In conclusion, the use of Modelica has allowed the development of a detailed and comprehensive model of the two-pipe system.
Description of the building model
The energy performance of the two-pipe system was evaluated through its integration in a reference building model. The geometry of the building model is illustrated in Fig. 3 . It consists of four perimeter thermal zones and one core thermal zone. The total floor area is 1660 m 2 with an aspect ratio of 1.5. This five-zone model is representative of one floor of the medium office building prototype, as described in the report, U.
S. Department of Energy Commercial Reference Building
Models of the National Building Stock [30] . The report characterizes 16 prototype buildings for 16
climate zones covering the majority of the US commercial building stock. These building models have been developed to serve as a starting point for energy efficiency research, as they represent fairly realistic buildings and typical construction practices.
Since the publication of the report, the Pacific Northwest National Laboratory (PNNL) has made numerous enhancements to the original prototype models that are now compliant with 2004, 2007, 2010 and 2013 editions of AHSRAE standard 90.1 [31] .
In this work, a comparison of the energy performance of the two-pipe system was made by considering two cases in respect to two construction sets of the building envelope, compliant with ASHRAE 90.1 2004 and 2013 standards. Table 1 illustrates the thermal properties of the building elements for the two construction sets. The roof and the external walls were exposed to the outdoor environment while the floor to a set of monthly average ground temperatures. These twelve temperature values were retrieved from the prototype office building model and range between 20.34 °C (January) to 23.22 °C (August). The glazing surfaces were evenly distributed along all facades with a window-to-wall ratio of 0.33 and consist of double pane windows with solar control properties. In accordance with the prototype office building models, no shading devices were applied to the windows. The weather conditions of Copenhagen (Denmark) were used. The need for simultaneous heating and cooling of thermal zones not only depends on the heat exchanged with the outside and the HVAC system, but also on the heat transferred between the zones. In the limiting case of no heat transfer between zones, the differences in room temperature can be large, whereas if there is very high air flow between zones, such as through open doors, all rooms would be at a similar temperature. Therefore, two cases for inter-zone air flows were considered to take into account different inter-zone heat transfers. The first case allowed only heat transfer between thermal zones through internal walls. Therefore, no air exchange occurred through the rooms. Internal walls consisted of two gypsum boards with a thickness of 0.013 m each. In the second case, internal doors were included in the model. The doors were evenly distributed along the internal walls every 4 m and assumed to be always open.
The door model allows for bi-directional air flows through adjacent zones. The bi-directional air flow is modeled based on the differences in static pressure between adjacent rooms at a reference height plus the difference in static pressure across the door height as a function of the difference in air density. A comprehensive description of this Modelica model can be found in [32] . It is worth mentioning that no relevant literature was found by the authors regarding patterns of opening- 
HVAC system modeling
The graphic layout of the system modelled in Dymola is shown in Fig. 4 . It consists of a roomtemperature water loop for space heating and cooling and an air loop for ventilation. The pump circulates a constant water mass flow rate in the room-temperature loop. Heating and cooling loads are met by adjusting the supply water temperature through a feedback controller. The plant provides energy to the return water flow to track the supply temperature set-point. Water enters the active beam terminal units in which, together with the primary air delivered by the air handling unit (AHU), it exchanges heat with the rooms.
Table 2
Description of the cases
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Exhaust air from the rooms is distributed to a heat recovery device in the AHU. The AHU also consists of heating and cooling coils that control the primary air temperature. A fan supplies a constant air mass flow rate to the building. The key components of the system are described in the following sections.
Supply water temperature controller
As previously mentioned, the system is able to simultaneously provide heating and cooling to the building. Therefore, the supply water should have temperature levels similar to indoor thermal comfort conditions. A feedback controller takes as inputs the room temperatures, their set-points and the return water temperature, and outputs a set-point for the supply water temperature. The setpoint for the supply water temperature is 14 where T ret is the return water temperature and k hea and k coo are offsets used to adjust the supply water set-point temperature based on current room air temperatures and their heating and cooling set-points. Fig. 5 shows the Modelica model of the controller. The block MinMax outputs the minimum and maximum room air temperature among the five rooms. The minimum room air temperature is an input for the block PIhea, where it is compared with the heating temperature setpoint. If the minimum room air temperature is above the set-point, k hea is equal to 0. Otherwise, the PI controller increases the value of k hea to meet the heating set-point. The maximum room air temperature is an input for the block PIcoo, where it is compared with the cooling temperature setpoint. If the maximum room air temperature is below the set-point, k coo is equal to 0. Otherwise, the PI controller increases the value of k coo to meet the cooling set-point. Heating set-point temperatures were 15.6°C and 21°C, respectively, for non-operating and operating hours. Cooling set-point temperatures were 26.7°C and 24°C, respectively, for non-operating and operating hours. These values were chosen according to the medium office prototype model. The upper limit for k hea and k coo was 10 K. Fig. 6 shows a schematic diagram of a general active beam unit. It consists of a primary air plenum, a mixing chamber, a heat exchanger and several nozzles.
Active beam unit and air handling unit (AHU)
The heat exchanger is served by a water circuit. The primary air is discharged to the mixing chamber through the nozzles. This generates a low-pressure region which induces air from the room up through the heat exchanger. The conditioned induced air is then mixed with primary air, and the mixture descends back into the space.
A comprehensive description and validation of the active beam model used in this work is provided in [33] . The model encapsulates empirical equations derived by a novel active beam terminal unit that operates with low-temperature heating and high-temperature cooling systems [20] .
The AHU used in our experiments consists of supply and return fans and two coils. Heating and cooling coils are connected to secondary plants in order to maintain a constant supply air temperature of 19°C. A heat recovery unit (HRU) with maximum efficiency of 0.9 pre-heats the outdoor air. The HRU was modelled as a rotary heat exchanger with a PI controller regulating the efficiency of the unit. The actual efficiency, and therefore the actual heat transferred between supply and return air streams, is modulated between 0 and 0.9 according to the actual needs.
Sizing
Heating and cooling peak loads of the building were pre-calculated by running dedicated simulations in Dymola. Two sizing calculations were performed in respect to the two construction sets. The number of active beams placed in each thermal zone was a consequence of the pre- To reduce the energy use of fans and pumps, but still keep a sufficient thermal capacity to meet the set-points, the total air and water mass flow rates were multiplied by a factor 0.5 and 0.25, respectively, during non-operating hours (10 PM-6 AM). Table 3 Design parameters. These values refer to a single active beam unit
System configurations
The four cases previously described were analyzed for three configurations of the system. Each configuration aimed to highlight a different aspect of the energy savings of the two-pipe system.
The three configurations were defined as:
• Ideal configuration
• Ideal configuration with dry cooler
The ideal configuration included Modelica models of ideal plants for both the water and air loops.
This means that the energy use has to be considered as useful energy use, which can be defined as the energy required once all the losses have been deducted from the delivered amount of energy.
These ideal plants calculated the thermal power delivered to the water stream as
where 4 is the water mass flow rate, 4 is water specific heat capacity and ∆ 4 is the water temperature difference between supply and return.
This ideal configuration allowed prediction of the actual energy savings related to the useful heat transferred from warm to cold rooms by the room-temperature loop when simultaneous heating and cooling occurred.
In the second system configuration, a dry cooler was added to take advantage of free cooling. The dry cooler was dimensioned to be able to cool the return water to the design temperature condition of 20°C with a temperature difference of 6 K between water and outside air. Therefore, whenever the outside air temperature was below 14°C, no cooling energy was required by the water plant in the room-temperature loop.
In the third system configuration, the ideal models were replaced by more realistic components. In particular, a reversible air-to-water heat pump model was integrated into the room-temperature loop. Furthermore, the AHU heating coil was supplied by a heat pump with a supply water temperature of 45°C, while the cooling coil was connected to a chiller with a supply water temperature of 7°C. Average efficiencies for pumps and fans were set to 0.8.
At the full flow rate, the total pressure drop in the water loop was assumed to be 35 kPa, as recommended in [18] , and the total pressure drop in the ventilation loop was assumed to be 500 Pa.
This value was based on the author's expertise. For lower flow rates, e.g. during night operation, these values are reduced, as the simulation model computes flow friction as a function of the flow rate. Assuming that the thermal losses of hydronic parts, such as pipes and valves, are small in comparison to the total energy transferred to the active beams, these were neglected in the model.
Heat pump model
It is worth mentioning that the Modelica Buildings library v2.1.0 does not include any model specifically defined as an air-to-water heat pump. Therefore, a new model was developed by the authors. The model was based on performance curves related to the Maroon 2 unit by Swegon [35] .
The heat pump was assumed to be designed to deliver 100% of the thermal power required by the system. At every time-step, the electric power used by the heat pump was calculated as
where COP actual is the actual COP calculated as a function of the evaporator and condenser temperatures for heating and cooling mode, using 
where T LWC is the water temperature leaving the condenser in [°C], T LWE is the water temperature leaving the evaporator in [°C] and T a is the external air temperature in [°C] . Table 4 shows the value of the coefficients expressed in Eq. (9) and Eq. (10). These were obtained by using a curve-fitting approach based on a set of performance data retrieved from the technical documentation of the heat pump. Fig. 7 shows the COP curves of the heat pump in heating and cooling mode for three reference values of the water temperature. Cooling 6.705E+00 1.036E-01 -1.563E-01 -1.428E-03 9.500E-04 -5.979E-04
Results and discussion
In order to compare the energy savings of the two-pipe system (2PS), a comparative study was conducted in respect to a conventional four-pipe system (4PS). Yearly dynamic simulations were run in Dymola version 2016 on a Windows machine. The annual energy use was calculated for both the 2PS and the 4PS for the four cases. These simulations were done three times, one for each configuration of the system.
Conventional four-pipe system
The conventional four-pipe system presented two separate water circuits, one for heating and one for cooling. Supply water temperature for heating and cooling was set to 45°C and 14°C, Coefficients used in Eq. (5) and Eq. (6) 20 respectively. Each thermal zone was equipped with the same number of active beams as for the two-pipe system. However, due to the higher temperature difference between water and room air, the beam length was reduced from 3 m to 0.7 m. The same air-to-water heat pump and dry cooler models were integrated into the water circuits.
To present a fair energy comparison, the 4PS was forced to maintain the same indoor air temperatures as calculated by the simulation with the 2PS during operating hours. This was done by implementing water flow controllers with room air temperature set-points equal to the room air temperature values obtained in the corresponding simulation with the 2PS. To avoid chattering of the mode-switching of the controller, a dead band of 0.2 K was used. Therefore, the 4PS was supposed to reach temperatures 0.1°C colder than the 2PS in heating mode, and 0.1°C warmer in cooling mode.
The ventilation loop of the 4PS had the same characteristics as the loop implemented into the 2PS in terms of temperatures and air flow rates. Therefore, since air temperatures in the rooms were approximately the same, and ventilation parameters were exactly the same, it can be concluded that the two systems will use approximately the same amount of energy for ventilation purposes. This has made it possible to focus attention on the water side of the system.
Simulation results
Figs. 8-11 show the annual heating and cooling energy use for the three configurations of the system. To clearly visualize the energy savings of the room-temperature loop, the ventilation energy use was omitted from these graphs.
The overall annual energy use (including ventilation) is shown in Fig. 12 . The indoor air temperatures of the five thermal zones are shown in Figs. 13-14 for a typical winter and summer day. Figs. 13-14 also illustrate the supply and return water temperatures. Fig. 8 shows the comparison of the annual heating and cooling useful energy use for the first system configuration. As illustrated, the 2PS required less useful heating and cooling energy than the 4PS in all four cases. This means that the room-temperature loop was able to remove heat from the warm core zone and release it to the cold perimeter zones. In particular, energy savings of approximately 17%, 21%, 4% and 6% were achieved, respectively, for cases 1, 2, 3 and 4. Note When comparing cases with the same inter-zone air flow condition, it can be seen that the thermal properties have little influence on the energy savings. The absolute amount of heat transferred in cases with poorer insulation and higher internal loads (cases 1 and 3) is slightly higher than in cases with better insulation and lower internal loads (cases 2 and 4). However, since the system requires more energy to meet set-point temperatures, the relative difference is lower.
Ideal configuration -energy savings due to heat transfer through rooms
The energy savings due to heat transfer between rooms can be illustrated by comparing the total heating and cooling thermal power provided by the central plant for a typical winter day, as shown in Fig. 9 . At the beginning and at the end of the day, due to the absence of internal heat gains, the building only needs heating. Therefore, both systems present the same profile. In the middle of the day, while the 4PS has to provide separate heating to perimeter zones and cooling to the core zone, the 2PS is able to provide heating and cooling simultaneously. As a consequence, almost no energy is required. by the dry cooler is also shown in Fig. 10 for each simulation case. Due to a higher supply water temperature than the 4PS, the 2PS was able to take better advantage of free cooling conditions. The 2PS presents a significantly higher value of heat removed in all four cases. In particular, the dry cooler in the 2PS removed approximately 67%, 70%, 65% and 69% of cooling demand versus 31%, 33%, 16% and 18% in the 4PS, respectively, for cases 1, 2, 3 and 4. No significant difference is seen between cases with the 2PS. When considering the 4PS, cases with open doors have significantly lower heat removal potential than cases with closed doors. This can be explained by noticing that the dry cooler in the 4PS mainly operates during the cold season, when the outside temperature is below 8°C. However, when the outside air temperature is that cold, the inter-zone air flows suffice to transfer excess heat among zones, thereby avoiding the need to provide free cooling with the dry cooler. 
Real configuration -energy savings due to higher COP of the heat pump
Fig . 11 shows the annual heating and cooling primary energy use for the third system configuration.
Here, the ideal plants were replaced by heat pump and chiller models. A factor of 2.5 was assumed for the conversion of electricity into primary energy. This is a typical value for the Danish energy market [36] .
Additional energy savings were achieved thanks to the larger temperature difference between evaporator and condenser. The 2PS used approximately 46%, 52%, 40% and 45% less primary 
where Q hea is the annual heat delivered to the water flow by the heat pump, Q coo is the annual heat extracted from the water flow by the heat pump, W el,hea is the annual electricity used in heating mode and W el,coo is the annual electricity used in cooling mode. Fig. 12 and Table 6 show the total annual primary energy use for the four cases. Energy use for ventilation and pumps was added to the values obtained in Fig. 11 . When comparing the total primary energy, the 2PS used approximately 18%, 17%, 13% and 12% less energy than the 4PS. As illustrated, fans account for a large share of the total energy, reducing the relative energy savings Table 6 Annual total primary energy use by service [kWh/(m 2 a)]
Real configuration -total energy savings
26
It is worth mentioning that due to lower temperature differences between room air and water in the active beam, the 2PS requires approximately 4-times more heat transfer area than the 4PS. On the other hand, the 2PS needs only one water pump, fewer pipes and no control valves.
Figs. 13 and 14 illustrate the indoor air temperatures of the five rooms for a typical winter and summer day.
Supply and return water temperatures are also depicted in the graphs. Note that the controller for the supply water temperature set-point was able to maintain the room temperatures within the room temperature set-points. For the winter day, supply and return water temperatures at the central plant, after the return water of the beams is mixed, overlap during almost all of the working hours, leading Fig. 13 Indoor air temperatures and supply and return water temperatures for a typical winter day, respectively, for case 1 (a), 2 (b), 3 (c) and 4 (d)
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to very little energy use. Relative high supply water temperatures were needed in the early morning and evening in order to meet the set-points. This is due to the absence of internal heat gains at the beginning and at the end of the operating hours. As expected, cases with better insulation show higher air temperatures than cases with poor insulation. Due to inter-zone air flows, cases with open doors show air temperatures that are closer together than cases without doors.
For the summer day, the supply water temperature is almost always lower than the return water temperature. This means that no energy savings due to heat transfer among zones occurred in the summer.
It is worth mentioning that the design of the two-pipe system does not allow individual control of the air temperature in the thermal zones. The supply water temperature is adjusted by taking into account only the zone temperature corresponding to the maximum or minimum temperature among all the zones in the building at the current time. However, as shown in Figs. 13 and 14, proper dimensioning and control of the system ensures that air temperatures are always within the set-point values.
Real-life implementation of the two-pipe system is currently under development in an office building in Sweden. This will provide the possibilities for further investigations on energy performance, indoor thermal comfort and cost estimation.
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Conclusion
Using a room-temperature loop with supply water temperature of about 22°C, together with active beams, enabled the 2PS to meet room temperature set-points even though, simultaneously, some rooms required heating whereas others required cooling. The use of Modelica made it possible to develop a detailed and comprehensive energy and control model of the system. Simulation results
showed that the two-pipe system was able to use less energy than the four-pipe system due to three effects: useful heat transfer from warm to cold zones, higher free cooling potential and higher efficiency of the heat pump. The following conclusions can be drawn: • Due to the room-temperature loop layout, heat was transferred from the core zone to the perimeter zones. When considering only the energy use for space heating and cooling, savings between 4% and 21% occurred depending on the case considered. The presence of inter-zone air flow limited the energy savings of the room-temperature loop.
• Due to the higher supply water temperature in cooling mode, the dry cooler in the two-pipe system was able to remove more heat than the dry cooler in the four-pipe system. In particular, the dry cooler in the two-pipe system removed approximately between 65% and 70% of cooling demand versus approximately between 16% and 33% in the four-pipe system.
• Due to the lower supply water temperature in heating mode, the heat pump in the two-pipe system achieved a value of the HSPF 48% higher than the heat pump in the four-pipe system. This allowed for a significant reduction of primary energy use for space heating.
• When comparing the total annual primary energy use, the two-pipe system used approximately 12% to 18% less total primary energy (including ventilation) per year than the four-pipe system, depending on the case considered.
• The controller for the regulation of the supply water temperature was able to meet heating and cooling set-points in all the five rooms.
